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AUC~INS/GLU‐30~

:   incremental area under the curve for insulin/glucose at 30 minutes of OST

AUC~INS/GLU‐120~

:   incremental area under the curve for insulin/glucose at 120 minutes of OST

AUC~INS/GLU‐180~

:   incremental area under the curve for insulin/glucose at 180 minutes of OST

AUC~INS‐180~

:   incremental area under the curve for insulin at 180 minutes of OST

BCS

:   body condition score

CNS

:   cresty neck score

CV

:   coefficient of variation

DI

:   disposition index

EHC

:   euglycemic hyperinsulinemic clamp

EMS

:   equine metabolic syndrome

ID

:   insulin dysregulation

INS~INDEX~

:   insulinogenic index

IR

:   insulin resistance

IS

:   insulin sensitivity

ISI~60~

:   60‐minutes insulin sensitivity index

ISI~90~

:   90‐minutes insulin sensitivity index

ISI~COMP~

:   composite whole‐body insulin sensitivity index

ISI~PEAK~

:   peak insulin sensitivity index

M

:   mean insulin‐dependent glucose disposal rate

M/I

:   mean insulin‐dependent glucose disposal rate per unit of insulin

NIMGU

:   non‐insulin‐mediated glucose uptake

NIR

:   normal insulin regulation

OST

:   oral sugar test

Peak~INS~

:   peak insulin concentration during OST

SD

:   standard deviation

Insulin dysregulation (ID), a key feature of the equine metabolic syndrome (EMS), is a nonspecific term used to describe horses with abnormalities in their insulin metabolism encompassing either fasting hyperinsulinemia, excessive insulin response to sugars, or insulin resistance (IR).[1](#jvim14799-bib-0001){ref-type="ref"} The euglycemic hyperinsulinemic clamp (EHC) is considered to be the gold standard for measurements of tissue IR, but the test is costly, complex, and time‐consuming.[2](#jvim14799-bib-0002){ref-type="ref"}, [3](#jvim14799-bib-0003){ref-type="ref"} The recently developed oral sugar test (OST),[4](#jvim14799-bib-0004){ref-type="ref"} a modified variant of the oral glucose tolerance test (OGTT),[5](#jvim14799-bib-0005){ref-type="ref"} is easier to perform and generates information about both glucose disposal and insulin secretion from the β‐cells in the pancreas.[3](#jvim14799-bib-0003){ref-type="ref"}, [6](#jvim14799-bib-0006){ref-type="ref"} Theoretically, the oral tolerance tests (OST and OGTT) are therefore suitable for estimating both insulin sensitivity (IS) and β‐cell response.[6](#jvim14799-bib-0006){ref-type="ref"} The oral tolerance tests generally are considered to be less specific for measuring β‐cell response compared to the hyperglycemic clamp, because the insulin secretion pattern after oral glucose administration reflects the combined response to several physiological factors such as gastric emptying, degree of hepatic glucose trapping, and incretin effects. Still, administration of sugars PO more closely mimics a physiological stimulation of insulin secretion compared to the IV tests.[3](#jvim14799-bib-0003){ref-type="ref"}, [6](#jvim14799-bib-0006){ref-type="ref"}, [7](#jvim14799-bib-0007){ref-type="ref"} The oral tolerance tests also have been used to calculate indices of IS (eg, composite whole‐body insulin sensitivity index \[ISI~COMP~\]) in both humans and horses.[8](#jvim14799-bib-0008){ref-type="ref"}, [9](#jvim14799-bib-0009){ref-type="ref"} These indices are not specific quantifications of IS but have been shown to correlate well with IS measured by the EHC in humans.[8](#jvim14799-bib-0008){ref-type="ref"}, [10](#jvim14799-bib-0010){ref-type="ref"}

The β‐cell response and IS are dependent on each other, whereby changes in 1 feature are mirrored by a reciprocal adaptation in the other.[11](#jvim14799-bib-0011){ref-type="ref"} A nonlinear inverse relationship between β‐cell response and IS was first described in humans in 1981,[12](#jvim14799-bib-0012){ref-type="ref"} and this relationship was further characterized and described in 1993 as rectangular hyperbolic.[13](#jvim14799-bib-0013){ref-type="ref"} The hyperbolic relationship between β‐cell response and IS has, during the last few decades, been described in several species including rodents, dogs, and humans[13](#jvim14799-bib-0013){ref-type="ref"}, [14](#jvim14799-bib-0014){ref-type="ref"}, [15](#jvim14799-bib-0015){ref-type="ref"} but has, to the authors' knowledge, not been elucidated in horses. In a rectangular hyperbolic relationship, the product of β‐cell response and IS is constant for a given degree of glucose tolerance. This product is called disposition index (DI) and represents an index of β‐cell function related to the patient\'s IS. A decrease in DI is thus an indication of altered β‐cell function, resulting in inability to compensate for decreased IS (ie, impaired glucose tolerance and type 2 diabetes mellitus).[16](#jvim14799-bib-0016){ref-type="ref"}

The aim of our study was to test whether a rectangular hyperbolic relationship exists between β‐cell response and IS, by comparing OST‐derived indices of β‐cell response with IS measured by the EHC, in horses with variable degrees of insulin regulation (normal‐to‐severe ID). One further aim was to compare how well indices of IS derived from the OST correlate with quantitative measurements of IS determined by the gold standard EHC.

Materials and Methods {#jvim14799-sec-0008}
=====================

Horses {#jvim14799-sec-0009}
------

The study was approved by the Ethical Committee for Animal Experiments, Uppsala, Sweden. Forty‐nine horses with different degrees of insulin regulation (normal‐to‐severe ID) were used in the study. The horses were owned by the Swedish University of Agricultural Sciences, the National Council Horse Facility, or privately owned. Criteria for inclusion were as follows: normal findings on clinical examination except for general obesity, regional obesity, or both, age ≥4 years, negative test results for pituitary pars intermedia dysfunction (normal plasma ACTH concentration) at the start of the study as well as no ongoing episode of laminitis. The privately owned horses were recruited from a group of horses previously diagnosed with ID and referred to the University Animal Hospital, Swedish University of Agricultural Sciences for an extended examination. The horses owned by the Swedish University of Agricultural Sciences or by the National Council Horse Facility were examined in their home environment. All horses in the study were fed a hay or haylage diet supplemented with minerals. Horses were housed in individual box stalls and allowed daily turnout in a dirt or sand paddock. None of the horses had been on grass pasture for at least 2 months before testing.

Experimental Design {#jvim14799-sec-0010}
-------------------

All horses were acclimatized for at least 48 hours to the environment where sampling was to take place. After acclimatization, horses were screened with an OST followed by an EHC the next day. Both the OST and the EHC commenced after 12 hours of feed withdrawal overnight, but with free access to water. Based on results from the OST performed as part of the study, horses were allocated into 2 different groups: normal insulin regulation (NIR; peak insulin concentration \<45 μIU/mL) and ID (peak insulin dysregulation ID\>45 μIU/mL).[1](#jvim14799-note-1003){ref-type="fn"}

OST---Oral Sugar Test {#jvim14799-sec-0011}
---------------------

The day before testing an IV catheter[2](#jvim14799-note-1004){ref-type="fn"} was inserted aseptically into 1 of the jugular veins under local anesthesia.[3](#jvim14799-note-1005){ref-type="fn"} The OST procedure was conducted as described previously.[17](#jvim14799-bib-0017){ref-type="ref"} Briefly, Dan Sukker Glykossirap[4](#jvim14799-note-1006){ref-type="fn"} was syringed PO at a dosage of 0.2 mL/kg body weight. Blood samples were collected from the jugular catheter into evacuated tubes[5](#jvim14799-note-1007){ref-type="fn"} containing lithium heparin, immediately before (−5 minutes), and at 30, 60, 90, 120, 150, and 180 minutes after the PO administration of syrup. Tubes were placed on ice immediately after sampling and centrifuged within 5 minutes for 10 minutes at 2,700 × *g*. Plasma was subsequently harvested, frozen rapidly, and stored at −80°C until later analysis of plasma glucose and plasma insulin concentrations (see below).

Plasma glucose and plasma insulin concentrations from the OST were used to calculate 6 indices of β‐cell response: peak insulin concentration (Peak~INS~), insulinogenic index (INS~INDEX~),[18](#jvim14799-bib-0018){ref-type="ref"}, [19](#jvim14799-bib-0019){ref-type="ref"} incremental area under the insulin curve for the time interval 0--180 minutes (AUC~INS‐180~),[20](#jvim14799-bib-0020){ref-type="ref"}, [21](#jvim14799-bib-0021){ref-type="ref"} and the ratio of the incremental area under the insulin curve to the incremental area under the glucose curve for the time intervals 0--30, 0--120, and 0--180 minutes (AUC~INS/GLU‐30~, AUC~INS/GLU‐120~ and AUC~INS/GLU‐180~).[22](#jvim14799-bib-0022){ref-type="ref"} The glucose and insulin data from the OST also were used for calculation of an IS index: ISI~COMP~.[8](#jvim14799-bib-0008){ref-type="ref"} In addition, new simplified methods to calculate ISI~COMP~ using fewer time points were introduced: peak insulin sensitivity index (ISI~PEAK~), 60‐minutes insulin sensitivity index (ISI~60~), and 90‐minutes insulin sensitivity index (ISI~90~).

The INS~INDEX~ was calculated as (*I* ~30~−*I* ~0~)/(*G* ~30~−*G* ~0~), where *I* ~30~ = insulin concentration at 30 minutes of OST, *I* ~0~ = baseline insulin concentration, *G* ~30~ = glucose concentration at 30 minutes of OST, and *G* ~0~ = baseline glucose concentration.

The AUC~INS‐180~, AUC~INS/GLU‐30~, AUC~INS/GLU‐120,~ and AUC~INS/GLU‐180~ were calculated by use of the trapezoid method.[6](#jvim14799-note-1008){ref-type="fn"}

The ISI~COMP~ was calculated using the following formula: 1,000/$\sqrt{(G \cdot I) \cdot (\text{MG} \cdot \text{MI})}$, where *G* = baseline glucose concentration, *I* = baseline insulin concentration, MG = mean glucose concentration during the OST, and MI = mean insulin concentration during the OST.

The ISI~PEAK~, ISI~60,~ and ISI~90~ were calculated as: 100/$\sqrt{(G_{peak} \cdot I_{peak}})$, 100/$\sqrt{(G60 \cdot I60)}$, and 100/$\sqrt{(G90 \cdot I90)}$ respectively, where *G* ~peak~ = peak glucose concentration, *I* ~peak~ = peak insulin concentration, *G*60 = glucose concentration at 60 minutes, *I*60 = insulin concentration at 60 minutes, *G*90 = glucose concentration at 90 minutes, *I*90 = insulin concentration at 90 minutes during the OST.

EHC---Euglycemic Hyperinsulinemic Clamp {#jvim14799-sec-0012}
---------------------------------------

After the OST examination, a second IV catheter[5](#jvim14799-note-1007){ref-type="fn"} was inserted into the contralateral jugular vein. On the morning of the following day, blood samples for determination of baseline concentrations of plasma glucose and plasma insulin were drawn from 1 of the IV catheters immediately before (−10, −5, and −1 minute) the start of the EHC. The EHC procedure has previously been described for use in horses.[23](#jvim14799-bib-0023){ref-type="ref"}, [24](#jvim14799-bib-0024){ref-type="ref"} Briefly, a continuous rate infusion of glucose[7](#jvim14799-note-1009){ref-type="fn"} and recombinant human insulin[8](#jvim14799-note-1010){ref-type="fn"} was initiated through 1 of the jugular catheters, with a multichannel volumetric infusion pump.[9](#jvim14799-note-1011){ref-type="fn"} The infusion rate for insulin was held constant at 3 mIU/kg/min, and a variable rate of glucose was infused to maintain blood glucose concentration at euglycemia (5 mmol/L) during the 3‐hour infusion. The glucose infusion rate was adjusted if the concentration deviated by more than 0.2 mmol/L from euglycemia. Blood samples were obtained every 5 minutes for immediate analysis of blood glucose concentration with a handheld glucometer[10](#jvim14799-note-1012){ref-type="fn"} and every 10 minutes throughout the EHC for subsequent determination of plasma glucose (10‐minutes intervals) and plasma insulin (20‐minutes intervals) concentrations. These blood samples were collected into evacuated tubes[5](#jvim14799-note-1007){ref-type="fn"} containing lithium heparin and placed on ice for 5 minutes before centrifugation (10 minutes, 2,700 × *g*). Plasma was separated, frozen rapidly, and stored at −80°C until later analysis of plasma glucose and plasma insulin concentrations (see below).

The first 120 minutes of the EHC was considered an equilibration period. Plasma glucose and plasma insulin concentrations from the final 60 minutes (steady state) were used for calculation of the total mean glucose disposal rate (*M* ~60~) and the mean insulin concentration (*I*).[23](#jvim14799-bib-0023){ref-type="ref"} The non‐insulin‐mediated glucose uptake (NIMGU) at euglycemia (5 mmol/L) was estimated to be 0.57 mg/kg/min. This value was obtained by extrapolating data from NIMGU during hyperglycemic clamps in horses[25](#jvim14799-bib-0025){ref-type="ref"} using the strong linear relationship that has been demonstrated between plasma glucose concentration and NIMGU during stepwise hyperglycemic clamps.[26](#jvim14799-bib-0026){ref-type="ref"} The intercept was set to 0. The mean insulin‐dependent glucose disposal rate (*M*) then was calculated as *M* ~60~ -- NIMGU and expressed per unit of insulin (*M*/*I*).

Analysis of Blood Samples {#jvim14799-sec-0013}
-------------------------

Plasma glucose concentrations were measured enzymatically with an automated clinical chemistry analyzer.[11](#jvim14799-note-1013){ref-type="fn"} Endogenous equine plasma insulin concentrations from the OST were determined using a commercial equine‐optimized ELISA[12](#jvim14799-note-1014){ref-type="fn"} evaluated for use in horses,[27](#jvim14799-bib-0027){ref-type="ref"} and insulin concentrations were controlled for with a commercial kit.[13](#jvim14799-note-1015){ref-type="fn"} Plasma insulin concentrations from the continuous rate infusion of recombinant human insulin during the EHC procedures were determined using a commercial ELISA[14](#jvim14799-note-1016){ref-type="fn"} designed for use in humans, and a commercial kit[15](#jvim14799-note-1017){ref-type="fn"} was used as a control. All analyses of plasma glucose and plasma insulin concentrations were performed in duplicate. The mean intra‐assay coefficients of variation (CVs) calculated from samples run in duplicate for glucose, equine insulin (equine‐optimized ELISA), and human insulin (human ELISA) were 0.6, 2.2, and 2.7%, respectively. The equine‐optimized ELISA[12](#jvim14799-note-1014){ref-type="fn"} previously has been evaluated in our laboratory with reported intra‐assay CVs between 2.0 and 6.5% and an interassay CV of 10.7%.[27](#jvim14799-bib-0027){ref-type="ref"}

Statistical Analysis {#jvim14799-sec-0014}
--------------------

All data were analyzed using JMP Pro 11.2.0.[16](#jvim14799-note-1018){ref-type="fn"}

Differences in physical characteristics (age, body condition score \[BCS\], cresty neck score \[CNS\], and body weight), EHC data (*M* and *M*/*I*), and time to Peak~INS~ during OST were compared between the NIR and ID groups by use of an independent *t*‐test or a nonparametric test (Wilcoxon rank‐sum test) as appropriate.

The rectangular hyperbolic function (*y* = constant × 1/*x*), can be re‐expressed as a linear model by log‐transformation of data producing the following equation: Ln (*y*) = constant + β × Ln (*x*), where β is the regression coefficient. This linear function was used to determine the β for the different combinations of OST‐derived indices of β‐cell response (dependent variable) and EHC‐derived sensitivity measures (independent variable). The 95% confidence interval (CI) for β was calculated by using the bootstrap method with 1,000 replications randomly selected from the original data. A rectangular hyperbolic relationship between β‐cell response and IS was established if β was approximately equal to −1 (a criterion that was fulfilled if the 95% CI for β included −1), and if the 95% CI for β excluded zero. The linear regressions were run by the fit orthogonal command in the bivariate platform. This model adjusts for measurement errors in both the *y* (dependent) and *x* (independent) variables. The error estimates for OST‐derived indices of β‐cell response were based on repeated testing performed by our research group with 17 healthy horses, where mean CVs of 19.4, 26.1, 23.3, 25.9, 24.4, and 28.0% were found for Peak~INS~, INS~INDEX~, AUC~INS‐180~, AUC~INS/GLU‐30~, AUC~INS/GLU‐120~, and AUCI~NS/GLU‐180~, respectively. The error estimates for EHC‐derived sensitivity measures were based on previously published data reporting mean CVs of 12.2 and 14.1% for *M* and *M*/*I*, respectively.[28](#jvim14799-bib-0028){ref-type="ref"}

To examine how well IS indices derived from the OST (ISI~COMP~, ISI~PEAK~, ISI~60,~ and ISI~90~) correlated with EHC‐derived sensitivity measures (*M* and *M*/*I*), linear regression analyses were performed. Data were logarithmically transformed before analysis, to correct for skewed distribution of residuals.

Values of *P* \< 0.05 were considered as significant for all analyses. All data are presented as mean ± standard deviation (SD) except for non‐normally distributed data, which are presented as median and interquartile range.

Results {#jvim14799-sec-0015}
=======

Horses {#jvim14799-sec-0016}
------

All horses fulfilled the inclusion criteria for the study. Based on results from the OST, 23 and 26 horses, respectively, were allocated into the NIR and the ID groups. None of the horses included in the NIR group, but 62% (16/26) of horses, included in ID group, had a previous history of laminitis. Physical characteristics for horses included in the study are reported in Table [1](#jvim14799-tbl-0001){ref-type="table-wrap"}. Horses in the ID group had higher BCS (*P* \< 0.0001) and CNS (*P* \< 0.0001) than horses in the NIR group.

###### 

Physical characteristics for horses (n = 49) included in the study divided into normal insulin regulation (NIR) and insulin dysregulation (ID) groups

                NIR n = 23     ID n = 26
  ------------- -------------- ---------------
  Sex (g/m)     12/11          5/21
  Age (y)       9.5 ± 3.9^a^   14.1 ± 4.3^b^
  Body weight   424 ± 101^a^   423 ± 116^a^
  BCS (1--9)    5.3 ± 0.6^a^   6.7 ± 1.1^b^
  CNS (0--5)    2.2 ± 0.5^a^   3.5 ± 0.7^b^

SD, standard deviation; g, gelding; m, mare; BCS, body condition score; CNS, cresty neck score.

Data are mean ± SD. ^a,b^Means with different superscript letters differ significantly within row (*P* \< 0.05).

John Wiley & Sons, Ltd

The breeds represented in the NIR group were Standardbred (n = 10), Icelandic horse (n = 6), Swedish warmblood (n = 1), and Gotland pony (n = 6). The ID group included the following breeds: Fjord horse (n = 2), Icelandic horse (n = 10), Shetland pony (n = 2), Welsh cob (n = 1), Highland pony (n = 1), Swedish warmblood (n = 2), Standardbred (n = 4), Swedish riding pony (n = 1), crossbreed horse or pony (n = 2), and Hanoverian (n = 1).

Oral Sugar Test and Euglycemic Hyperinsulinemic Clamp {#jvim14799-sec-0017}
-----------------------------------------------------

The median Peak~INS~ for horses in the NIR and ID groups were 28 (20--36) μIU/mL and 149 (89--223) μIU/mL, respectively. There was no difference in median time to Peak~INS~ (*P* = 0.01) between the NIR (90 (30--90) minutes) and ID (90 (60--120) minutes) groups. For 3 of the horses, the early glucose response, insulin response, or both were delayed. Indices for early β‐cell response (INS~INDEX~ and AUC~INS/GLU‐30~) could therefore not be obtained for these horses.

The plasma glucose concentration during the final 60 minutes (steady state) of the EHC had a mean CV of 3.8 ± 1.6. Horses in the NIR group had higher *M* (*P* \< 0.0001) and *M*/*I* (*P* \< 0.0001) compared to horses in the ID group. The median values for *M* and *M*/*I* were 2.8 (2.2--3.6) mg/kg/min and 5.2 (4.1--6.8) (mg/kg/min × 10^3^)/(μIU/mL) for the NIR group and 0.8 (0.5--1.1) mg/kg/min and 0.9 (0.6--2.0) (mg/kg/min × 10^3^)/(μIU/mL) for the ID group.

Hyperbolic Relationship Between β‐cell Response and Insulin Sensitivity {#jvim14799-sec-0018}
-----------------------------------------------------------------------

The estimated regression coefficient (β), correlation coefficient (*r*), and the 95% CI for β obtained from regression analysis comparing OST‐derived indices of β‐cell response and EHC‐derived sensitivity measures are shown in Table [2](#jvim14799-tbl-0002){ref-type="table-wrap"}. Scatter plots with data for 6 indices of β‐cell response (Peak~INS~, AUC~INS‐180~, INS~INDEX~, AUC~INS/GLU‐30~, AUC~INS/GLU‐120,~ or AUC~INS/GLU‐180~) versus 2 measurements of IS (M or M/I) illustrate a nonlinear inverse relationship (Figs [1](#jvim14799-fig-0001){ref-type="fig"} and [2](#jvim14799-fig-0002){ref-type="fig"}). A rectangular hyperbolic relationship was evident in 9 of the 12 aforementioned comparisons using the following model: Ln (*y*) = constant + β × Ln (*x*). As IS decreased, the β‐cell response increased.

###### 

Correlation coefficient (*r*), regression coefficient (β), and 95% confidence interval for β for combinations of oral sugar test derived indices of β‐cell response and euglycemic hyperinsulinemic clamp derived sensitivity measures used in the regression model: Ln (*y*) = constant + β × Ln (*x*). Three of the 49 horses had a delayed early glucose and/or insulin responses during OST, resulting in missing data for INS~INDEX~ and AUC~INS/GLU‐30~

  β‐cell response    Sensitivity measures   *r*     β (95% CI)
  ------------------ ---------------------- ------- ----------------------------------------------------------------
  Peak~INS~          *M*                    −0.84   −1.30 (−1.50 to −1.10)
  Peak~INS~          *M*/*I*                −0.84   −1.03[a](#jvim14799-note-0006){ref-type="fn"} (−1.22 to −0.90)
  INS~INDEX~         *M*                    −0.77   −1.03[a](#jvim14799-note-0006){ref-type="fn"} (−1.32 to −0.92)
  INS~INDEX~         *M*/*I*                −0.87   −1.10[a](#jvim14799-note-0006){ref-type="fn"} (−1.30 to −0.99)
  AUC~INS‐180~       *M*                    −0.87   −1.40 (−1.62 to −1.19)
  AUC~INS‐180~       *M*/*I*                −0.86   −1.12[a](#jvim14799-note-0006){ref-type="fn"} (−1.35 to −0.96)
  AUC~INS/GLU‐30~    *M*                    −0.77   −1.04[a](#jvim14799-note-0006){ref-type="fn"} (−1.33 to −0.80)
  AUC~INS/GLU‐30~    *M*/*I*                −0.73   −0.80[a](#jvim14799-note-0006){ref-type="fn"} (−1.01 to −0.59)
  AUC~INS/GLU‐120~   *M*                    −0.81   −1.17[a](#jvim14799-note-0006){ref-type="fn"} (−1.44 to −1.00)
  AUC~INS/GLU‐120~   *M*/*I*                −0.80   −0.92[a](#jvim14799-note-0006){ref-type="fn"} (−1.19 to −0.83)
  AUC~INS/GLU‐180~   *M*                    −0.81   −1.16 (−1.43 to −1.02)
  AUC~INS/GLU‐180~   *M*/*I*                −0.80   −0.91[a](#jvim14799-note-0006){ref-type="fn"} (−1.17 to −0.82)

Peak~INS~, peak insulin concentration during OST; INS~INDEX~, insulinogenic index; AUC~INS‐180~, incremental area under the curve for insulin at 180 min of OST; AUC~INS/GLU‐30~, incremental area under the curve for insulin/glucose at 30 min of OST; AUC~INS/GLU‐120~, incremental area under the curve for insulin/glucose at 120 min of OST; AUC~INS/GLU‐180~, incremental area under the curve for insulin/glucose at 180 min of OST; *M*, mean insulin‐dependent glucose disposal rate; *M*/*I*, mean insulin‐dependent glucose disposal rate per unit of insulin.

Indicate rectangular hyperbolic relationship within row (*P* \< 0.05).
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![Scatter plots of individual horse data (n = 49) showing the relationship between oral sugar test derived indices of β‐cell response: Peak~INS~ **(A)**,AUC~INS~ ~‐180~ **(B)**,INS~INDEX~ **(C)**,AUC~INS~ ~/~ ~GLU~ ~‐30~ **(D)**,AUC~INS~ ~/~ ~GLU~ ~‐120~ **(E)**, and AUC~INS~ ~/~ ~GLU~ ~‐180~ **(F)** versus the mean insulin‐dependent glucose disposal rate (*M*), in horses with normal insulin regulation (NIR, black circle) and insulin dysregulation (ID with previous history of laminitis, orange downward pointing triangle; ID without previous history of laminitis, blue upward pointing triangle). A solid line (line of best fit) represents a rectangular hyperbolic curve fitted to the data. The curve is based on the function (y = constant × 1/x), where the constant = disposition index. Data that fulfill the statistical criteria of a rectangular hyperbolic curve have the equation in the figure (**C**,**D** and **E**). Three of the horses had a delayed early glucose and/or insulin responses during OST, resulting in missing data for INS~INDEX~ and AUC~INS~ ~/~ ~GLU~ ~‐30~.](JVIM-31-1541-g001){#jvim14799-fig-0001}

![Scatter plots of individual horse data (n = 49) showing the relationship between oral sugar test derived indices of β‐cell response: Peak~INS~ **(A)**,AUC~INS~ ~‐180~ **(B)**,INS~INDEX~ **(C)**,AUC~INS~ ~/~ ~GLU~ ~‐30~ **(D)**,AUC~INS~ ~/~ ~GLU~ ~‐120~ **(E)**, and AUC~INS~ ~/~ ~GLU~ ~‐180~ **(F)** versus the mean insulin‐dependent glucose disposal rate per unit of insulin (M/I), in horses with normal insulin regulation (NIR, black circle) and insulin dysregulation (ID with previous history of laminitis, orange downward pointing triangle; ID without previous history of laminitis, blue upward pointing triangle). A solid line (line of best fit) represents a rectangular hyperbolic curve fitted to the data. The curve is based on the function (y = constant × 1/x), where the constant = disposition index. Data that fulfill the statistical criteria of a rectangular hyperbolic curve have the equation in the figure (**A** ‐ **F**). Three of the horses had a delayed early glucose and/or insulin responses during OST, resulting in missing data for INS~INDEX~ and AUC~INS~ ~/~ ~GLU~ ~‐30~.](JVIM-31-1541-g002){#jvim14799-fig-0002}

Correlation Between OST‐Derived IS Indices and Sensitivity Measures from the EHC {#jvim14799-sec-0019}
--------------------------------------------------------------------------------

Selected scatter plots showing the correlation between OST‐derived IS indices (ISI~PEAK~ and ISI~COMP~) and the *M*/*I* are presented on the original scale and after log‐transformation (Fig [3](#jvim14799-fig-0003){ref-type="fig"}). Data on the original scale showed heteroscedasticity. All IS indices derived from the OST were highly correlated with *M* and *M*/*I* derived from the EHC (*r* = 0.81--0.87; *P* \< 0.0001; Table [3](#jvim14799-tbl-0003){ref-type="table-wrap"}).

![Scatter plots showing the relationship between the oral sugar test derived insulin sensitivity indices: ISI~PEAK~ **(A, B)** and ISI~COMP~ **(C, D)** and the mean insulin‐dependent glucose disposal rate per unit of insulin (*M*/*I*) calculated from the euglycemic hyperinsulinemic clamp, on the original scale **(A, C)** and after log‐transformation **(B, D)**, in horses with normal insulin regulation (NIR, black circle) and insulin dysregulation (ID with previous history of laminitis, orange downward pointing triangle; ID without previous history of laminitis, blue upward pointing triangle). The solid line is the regression line (line of best fit), and the dashed lines are 95% CI of the best fit (CI for the mean response).](JVIM-31-1541-g003){#jvim14799-fig-0003}

###### 

Linear regression analysis for oral sugar test derived insulin sensitivity indices (ISI~COMP~, ISI~PEAK,~ ISI~60~, and ISI~90~) and euglycemic hyperinsulinemic clamp derived sensitivity measures (*M* and *M*/*I*)

  IS indices    Ln *M*   Ln *M*/*I*          
  ------------- -------- ------------ ------ -----------
  LnISI~COMP~   0.85     \< 0.0001    0.86   \< 0.0001
  LnISI~PEAK~   0.83     \< 0.0001    0.83   \< 0.0001
  LnISI~60~     0.83     \< 0.0001    0.82   \< 0.0001
  LnISI~90~     0.81     \< 0.0001    0.82   \< 0.0001

Ln, the natural logarithm; *r*, correlation coefficient; ISI~COMP~, composite whole‐body insulin sensitivity index; ISI~PEAK~, peak insulin sensitivity index; ISI~60~, 60‐min insulin sensitivity index and ISI~90~, 90‐min insulin sensitivity index; *M*, mean insulin‐dependent glucose disposal rate; *M*/*I*, mean insulin‐dependent glucose disposal rate per unit of insulin.

John Wiley & Sons, Ltd

Discussion {#jvim14799-sec-0020}
==========

We found a nonlinear inverse relationship for all 12 comparisons between indices of β‐cell response obtained from the OST and the quantitative IS measurements obtained by the EHC. A rectangular hyperbolic relationship was evident in 9 of these 12 comparisons, which justifies the use of DI as a measure of pancreas functionality under these 9 specific conditions. The results of the study confirm that a reciprocal relationship between β‐cell response and IS exists in horses and that the OST primarily is a test for β‐cell response rather than a test for IS. Despite these findings, calculated indices of IS from the OST may be useful to estimate IS in horses, especially when the horse is in a state of IR.

It is well known that IR is associated with increased insulin secretion from the β‐cells.[11](#jvim14799-bib-0011){ref-type="ref"}, [12](#jvim14799-bib-0012){ref-type="ref"}, [13](#jvim14799-bib-0013){ref-type="ref"}, [14](#jvim14799-bib-0014){ref-type="ref"} Insulin sensitivity and β‐cell response have been shown to be inversely related in order to maintain glucose tolerance in humans and dogs.[13](#jvim14799-bib-0013){ref-type="ref"}, [14](#jvim14799-bib-0014){ref-type="ref"}, [16](#jvim14799-bib-0016){ref-type="ref"} Our results support that a similar relationship exists in horses. Because of the nature of this nonlinear inverse relationship between the β‐cell response and the IS, the magnitude in the β‐cell response that follows a change in IS will depend on the horse\'s initial degree of IS. This means that horses with high IS will have small increases in their β‐cell response following large decreases in IS, whereas horses with markedly decreased IS will have large changes in their β‐cell response associated with small changes in IS. As a result, diagnostic tests that are designed to measure the β‐cell response (eg, OST) are dependent on the patient\'s degree of IS. In addition, the results of the OST also are affected by several physiological factors such as gastric emptying and hepatic glucose trapping,[3](#jvim14799-bib-0003){ref-type="ref"}, [7](#jvim14799-bib-0007){ref-type="ref"} contributing to the relatively high variability among the indices of β‐cell response found in previous studies.[4](#jvim14799-bib-0004){ref-type="ref"}, [17](#jvim14799-bib-0017){ref-type="ref"} Thus, calculated indices for β‐cell response derived from the OST appear to have a lower ability to estimate changes in IS as long as the patient is within the normal sensitivity range. These inherent characteristics of the OST suggest that the test may not be the most ideal diagnostic method for identification of horses with very mild IR or horses close to developing IR, despite being a test more closely aligned with physiologic situations in which horses have been shown to have had an increased risk for developing laminitis (eg, grazing situations). However, when the degree of IS decrease is more pronounced (ie, IR), the function of the β‐cells becomes upregulated, which makes the test very useful to diagnose IR and to monitor improvements or deteriorations in IS. Several studies have linked laminitis to excessive hyperinsulinemia[29](#jvim14799-bib-0029){ref-type="ref"}, [30](#jvim14799-bib-0030){ref-type="ref"} or to markedly increased serum insulin concentrations in IR horses on pasture.[31](#jvim14799-bib-0031){ref-type="ref"} Although we do not have conclusive evidence in our results, it is interesting that 14 of the 18 horses that had Peak~INS~ \>100 μIU/mL or *M*‐value \<1.0 mg/kg/min, suggesting more advanced IR, had a previous history of laminitis. Thus, it appears that laminitis is more strongly associated with advanced IR or pronounced postprandial hyperinsulinemia rather than very mild IR, which suggests that the OST is a suitable and sensitive test for identifying horses at risk for developing laminitis secondary to ID. In a recent study, the OST was found to be highly specific but had a poor sensitivity for diagnosing IR.[32](#jvim14799-bib-0032){ref-type="ref"} One problem with the majority of the diagnostic tests for ID is the lack of comparison to a gold standard and the use of arbitrary cutoff values. A recent study[33](#jvim14799-bib-0033){ref-type="ref"} comparing results of OST to a gold standard showed that a much lower cutoff concentration for insulin (30.2 mIU/mL) is indicative of IR compared to the previously suggested arbitrary cutoff concentration (60 mIU/mL). The cutoff concentration for the OST used in our study is also lower (45 mIU/mL)[1](#jvim14799-note-1003){ref-type="fn"}. This cutoff concentration for the diagnosis of IR is based on specific analyses comparing OST results to quantitative measurements of IS using a receiver operating characteristic curve.

In a rectangular hyperbolic relationship, the product of β‐cell response and IS is constant for a given degree of glucose tolerance. This product, DI,[12](#jvim14799-bib-0012){ref-type="ref"}, [13](#jvim14799-bib-0013){ref-type="ref"}, [16](#jvim14799-bib-0016){ref-type="ref"} can be considered a measure of pancreas functionality (ie, a measure of the β‐cells' ability to compensate for decreased IS). During development of IR, the β‐cells' release of insulin is increased and compensation will be adequate as long as DI remains constant (ie, normal glucose tolerance).[13](#jvim14799-bib-0013){ref-type="ref"}, [16](#jvim14799-bib-0016){ref-type="ref"} When the β‐cells' release of insulin becomes inadequate in relation to IR, glucose intolerance and type 2 diabetes mellitus develop, which is associated with a decrease in DI. The decrease in DI is represented by deviation of the hyperbolic curve closer toward the origin (Fig [4](#jvim14799-fig-0004){ref-type="fig"}).[34](#jvim14799-bib-0034){ref-type="ref"}, [35](#jvim14799-bib-0035){ref-type="ref"} In horses, type 2 diabetes mellitus is rare, and the β‐cells appear to fully compensate for the IR over a long time period. Postprandial hyperinsulinemia after feeding or grazing in horses with IR is a risk factor for developing laminitis.[36](#jvim14799-bib-0036){ref-type="ref"}, [37](#jvim14799-bib-0037){ref-type="ref"}, [38](#jvim14799-bib-0038){ref-type="ref"}, [39](#jvim14799-bib-0039){ref-type="ref"} The most accepted theory is that abnormal hyperinsulinemia post‐feeding is related to the degree of decreased IS, as part of the β‐cells' compensatory response.[40](#jvim14799-bib-0040){ref-type="ref"}, [41](#jvim14799-bib-0041){ref-type="ref"}, [42](#jvim14799-bib-0042){ref-type="ref"} An alternative explanation is that hyperinsulinemia is the primary cause and IR the compensatory or adaptive response.[43](#jvim14799-bib-0043){ref-type="ref"}, [44](#jvim14799-bib-0044){ref-type="ref"}, [45](#jvim14799-bib-0045){ref-type="ref"} It has recently been suggested that abnormal hyperinsulinemia during the postprandial phase may occur in horses without the presence of decreased IS.[1](#jvim14799-bib-0001){ref-type="ref"} In contrast, the data from our study showed that postprandial hyperinsulinemia in response to oral glucose is highly related to the patient\'s degree of IS. Pronounced hyperinsulinemia after an oral glucose load in horses with normal IS without a compensatory decrease in IS will cause hypoglycemia (Fig [4](#jvim14799-fig-0004){ref-type="fig"}). Instead, abnormal hyperinsulinemia as a driving force for developing ID will likely have an adaptive response in IR to prevent its occurrence.[43](#jvim14799-bib-0043){ref-type="ref"}, [45](#jvim14799-bib-0045){ref-type="ref"} In a recent study, horses with ID were found to have increased glucose bioavailability along with increased insulin response.[46](#jvim14799-bib-0046){ref-type="ref"} Horses with a more exaggerated increase in glucose bioavailability and secondary hyperinsulinemia could have a delayed adaptive response in IR, which could cause an increased DI and deviation of the hyperbolic curve farer from origin (Fig [4](#jvim14799-fig-0004){ref-type="fig"}). The deviation of DI is thus in the opposite direction compared to patients with type 2 diabetes mellitus. Our study is one of very few studies in which the degree of IS has been quantified in horses with ID and it emphasizes the importance of determining the β‐cell response in conjunction with more accurate determinations of the degree of IS (ie, the EHC or the frequently sampled IV glucose tolerance test with MinMod analysis) to better understand the pathophysiology of ID. Whether or not a distinct reciprocal association between the β‐cell response and the degree of IS was found, the results do not allow differentiation of whether IR is the cause of ID or the adaptive response to postprandial hyperinsulinemia.

![Schematic diagram illustrating the characteristics of the hyperbolic relationship between β‐cell response and insulin sensitivity (IS) and the product of the 2 parameters, the disposition index (DI). State 1: A horse with normal IS and normal β‐cell response. State 2: The horse compensates for decreased IS by increasing β‐cell responsivity, and the DI is unchanged compared to state 1 (ie, remains on the same hyperbolic curve). State 3: The horse fails to compensate for the decreased IS, the β‐cell response remains normal while the DI is decreased (a deviation of the hyperbolic curve toward origin). State 4: The horse develops an increased β‐cell response with a delayed adaptive decrease in IS (a deviation of the hyperbolic curve farer from origin; increased DI). State 5: The horse develops hyperinsulinemia without an adaptive decrease in IS. The IS is unchanged but the hyperinsulinemia is increased and follows the direction of the gray arrow. The horse will develop hypoglycemia when the increased β‐cell response reaches a certain level because there is no adaptive decrease in IS. In state 2, the glucose tolerance remains normal due to the adequate compensatory increase in β‐cell response. State 3 illustrates a typical response for a horse with impaired glucose tolerance and type 2 diabetes mellitus.](JVIM-31-1541-g004){#jvim14799-fig-0004}

Several studies in humans have emphasized the importance of assessing both IS and β‐cell response in the same subject to reach appropriate conclusions about β‐cell function.[13](#jvim14799-bib-0013){ref-type="ref"}, [35](#jvim14799-bib-0035){ref-type="ref"}, [47](#jvim14799-bib-0047){ref-type="ref"} However, measurements of IS and β‐cell response must be as independent as possible, which is not the case for all tests. For example, results for indices of β‐cell response obtained from the OST are intrinsically related to calculated indices of IS from the same test, because the same glucose and insulin data are used for both calculations. To avoid this error, we used 2 independent methods to assess the β‐cell response and the IS, the OST, and the EHC.

In humans, the DI has been calculated from IS measured by the frequently sampled IV glucose tolerance test, the EHC and the OGT in conjunction with measurements of the β‐cell response obtained from the frequently sampled IV glucose tolerance test, hyperglycemic clamp, or the OGT.[13](#jvim14799-bib-0013){ref-type="ref"}, [22](#jvim14799-bib-0022){ref-type="ref"}, [47](#jvim14799-bib-0047){ref-type="ref"}, [48](#jvim14799-bib-0048){ref-type="ref"}, [49](#jvim14799-bib-0049){ref-type="ref"} These calculated DI are not identical, and a specific DI is only valid for comparison as long as the same test protocols and analytical methods are used for all patients. Even if there is a nonlinear inverse relationship between β‐cell response and IS to maintain glucose tolerance at a stable level, the relationship may not always fulfill the mathematical criteria for a rectangular hyperbolic relationship.[50](#jvim14799-bib-0050){ref-type="ref"} This is not surprising because the relationship is dependent on the nature of the variables (ie, the way in which β‐cell response and IS are expressed).[6](#jvim14799-bib-0006){ref-type="ref"} In our study, indices ranging from early insulin response (INS~INDEX~ and AUC~INS/GLU‐30~) to whole insulin response (AUC~INS‐180~ and AUC~INS/GLU‐180~) demonstrated parameters for the β‐cell response that fulfilled the criteria for a rectangular hyperbolic relationship. The indices INS~INDEX~ [7](#jvim14799-bib-0007){ref-type="ref"}, [18](#jvim14799-bib-0018){ref-type="ref"}, [19](#jvim14799-bib-0019){ref-type="ref"} and AUC~INS/GLU‐30~ [7](#jvim14799-bib-0007){ref-type="ref"}, [22](#jvim14799-bib-0022){ref-type="ref"} are considered to represent the first phase insulin response in humans,[51](#jvim14799-bib-0051){ref-type="ref"} but a biphasic insulin release from the β‐cells has not been proven to occur in horses. The M‐values calculated from the EHC in our study were corrected for NIMGU to avoid a confounding factor in the measurement of IS. The contribution of NIMGU to total M is relatively small in individuals with normal IS and thus can be ignored.[52](#jvim14799-bib-0052){ref-type="ref"} In IR individuals however the relative importance of NIMGU increases considerably. In our study, the estimated error of NIMGU to total M ranged between 10 and 69% and thus represented a heterogeneous error. A weakness with this correction is that it is based on calculations with the assumption of a linear relationship for NIMGU with blood glucose concentrations driven by a mass action effect of glucose similar for all horses. This glucose dose--response relationship has been proven for several species,[26](#jvim14799-bib-0026){ref-type="ref"}, [53](#jvim14799-bib-0053){ref-type="ref"} and it is constant as long as there is no increase in non‐insulin‐dependent glucose uptake. This situation might occur in human patients with type II diabetes[54](#jvim14799-bib-0054){ref-type="ref"} or in critically ill patients,[55](#jvim14799-bib-0055){ref-type="ref"} but it is not applicable to the horses in our study.

Several different IS indices calculated from the OST have been correlated to IS measured by the EHC in humans.[8](#jvim14799-bib-0008){ref-type="ref"}, [10](#jvim14799-bib-0010){ref-type="ref"}, [56](#jvim14799-bib-0056){ref-type="ref"}, [57](#jvim14799-bib-0057){ref-type="ref"}, [58](#jvim14799-bib-0058){ref-type="ref"} We studied 1 of these indices: ISI~COMP~,[8](#jvim14799-bib-0008){ref-type="ref"} previously used in horses.[9](#jvim14799-bib-0009){ref-type="ref"}, [17](#jvim14799-bib-0017){ref-type="ref"} In addition, we formulated 3 new simpler OST indices (ISI~PEAK,~ ISI~60,~ and ISI~90~) based on ISI~COMP~, but calculated them from only a single blood sample during the dynamic OST. There was a high correlation between all IS indices calculated from the OST and IS measures from the EHC, where the more simple indices (ISI~PEAK,~ ISI~60,~ and ISI~90~) showed as good correlation as the more complex index (ie, ISI~COMP~). The use of ISI~60~ or ISI~90~ enables IS to be estimated from the OST with only a single blood sample.

The OST indices are mathematical variants of data for the β‐cell response, which by inversion have been transformed to correlate linearly instead of hyperbolically to IS measured by the EHC. Because the OST is a quite nonspecific test for β‐cell response,[50](#jvim14799-bib-0050){ref-type="ref"} this bias will be propagated to the estimates for IS, because it is calculated from the same data. Due to the nonlinear inverse relationship between the β‐cell response and IS, large changes in IS for horses with high IS will only result in very small changes in insulin secretion. These small variations in β‐cell response will not be accurately determined by the OST. The opposite situation with more pronounced insulin secretions occurs for IR horses, and OST‐derived indices for IS will therefore more accurately estimate IS under these conditions. This is apparent in our data as shown in Figure [3](#jvim14799-fig-0003){ref-type="fig"}, where the relationship between IS indices and *M*/*I* showed heteroscedasticity with higher variability for the data in the range of high IS. The same pattern is evident when OST‐derived indices of IS are compared to IS quantified in humans.[8](#jvim14799-bib-0008){ref-type="ref"}

In conclusion, we have demonstrated that an inverse relationship between β‐cell response and IS exists in horses. The hyperbolic paradigm between β‐cell response and IS also holds true for the horse. Therefore, assessment of hyperinsulinemia as part of the β‐cell response should be interpreted in relation to prevailing IS. The inverse relationship between β‐cell response and IS suggests that horses with ID respond not only with postprandial hyperinsulinemia after intake of nonstructural carbohydrates but are also IR.
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